Abstract The decomposition of deciduous leaf material provides a critical source of energy to aquatic food webs. Changes to riparian forests through harvesting practices may alter the species composition of deciduous leaf material entering streams. We compared over-winter decomposition of three different riparian leaf species (speckled alder (Alnus incana ssp. rugosa (Du Roi) J. Clausen), white birch (Betula papyrifera Marsh.), and trembling aspen (Populus tremuloides Michx.)) to determine their importance as a food resource for macroinvertebrate communities within Boreal Shield streams in northeastern Ontario, Canada. Leaf pack decomposition of the three leaf species formed a processing continuum throughout winter, where alder and birch leaf packs decomposed at a medium rate (k = 0.0065/day and 0.0053/day, respectively) and aspen leaf packs decomposed more slowly (k = 0.0035/day). Macroinvertebrate community colonization on leaf packs changed through time regardless of leaf species. Alder leaf packs supported higher abundances of macroinvertebrates in the fall while aspen leaf packs supported greater shredder abundances in the following spring. The study shows that leaf diversity may be important for providing a sustained food resource for aquatic macroinvertebrates throughout the relatively long over-winter period in Canadian Boreal Shield streams. Riparian forest management strategies should ensure that deciduous plant species richness is sustained in riparian areas.
Introduction
Leaf decomposition is a critical ecosystem-level process within forested headwater streams (Haapala et al., 2001; Gessner & Chauvet, 2002; Swan & Palmer, 2004) . Once leaf material enters the stream, it becomes a valuable nutritional resource for stream organisms as it goes through three distinct phases of leaf litter breakdown: leaching of soluble organic compounds, microbial colonization (conditioning), and macroinvertebrate consumption and physical breakdown (fragmentation) (Webster et al., 1999; Abelho, 2001) . Broadleaf deciduous material in particular is the largest and most critical nutritional component of litterfall to streams (Kaushik & Hynes, 1968; Fisher & Likens, 1973; Webster & Benfield, 1986) . Many studies have reported that different leaf species decompose at different rates attributed to the physical and chemical composition of the leaf material (e.g., nutrient, lignin, and tannin content). Furthermore, leaf decomposition can be influenced by environmental factors such as temperature, dissolved nutrients, and pH (e.g., Kaushik & Hynes, 1971; Irons et al., 1988 Irons et al., , 1994 Ostrofsky, 1997; Graca et al., 2001; Richardson et al., 2004; Swan & Palmer, 2004) . Petersen & Cummins (1974) categorized deciduous leaves based on three processing rates (slow, medium, and fast) and suggested that leaf decomposition within streams follows a processing continuum through time due to variations in chemical and physical composition among different leaf species.
The life history patterns of shredding invertebrates in temperate regions are thought to be highly synchronized with leaf litter inputs in the fall when the invertebrates go through a major growth phase as leaf material is processed during the winter (Haapala et al., 2001 ). However, seasonal limitations of nutritional food resources may occur in the spring once the majority of leaf material is processed (Richardson, 1991; Haapala et al., 2001) . Therefore, as well as providing valuable habitat, leaf material entering streams with varying nutritional and chemical qualities (i.e., different leaf decomposition rates among leaf species), may be important to the life history patterns of shredders as the more slowly decomposing leaf material may provide a continuous food resource for aquatic invertebrates when seasonal organic matter inputs are low (Petersen & Cummins, 1974; Irons et al., 1988; Cummins et al., 1989; Haapala et al., 2001; Laitung & Chauvet, 2005) . In addition, leaves from different tree species are known to support different macroinvertebrate and microbial communities and may be important for maintaining diversity within stream ecosystems (Leroy & Marks, 2006) .
The composition of leaf material entering streams is ultimately dependent on the species composition and structure of the adjacent riparian vegetation (Webster & Meyer, 1997; Murphy & Giller, 2000) . However, alterations to riparian vegetation through forest harvesting could change the quality and composition of leaf litter inputs (Stout et al., 1993; Richardson et al., 2004; Laitung & Chauvet, 2005) . In many areas, riparian vegetation is preserved along stream corridors to provide protection (Swan & Palmer, 2004) . In Ontario, a minimum of 30 m of intact riparian vegetation is required around most permanent streams and lakes as part of the province's forest management guidelines to mitigate land-use disturbance (OMNR, 1988) . However, the implementation of the current riparian buffer configuration is under debate (Buttle, 2002) . Partial or limited clearcut harvesting within riparian areas is being considered as an alternative riparian management strategy to better emulate natural disturbance (Kardynal et al., 2009 ) and its potential effects on stream ecosystems need to be assessed.
Many studies have investigated the impacts of vegetation removal on stream ecosystem processes (e.g., Webster et al., 1983; Stout et al., 1993; Benfield et al., 2001; Fuchs et al., 2003) , and the influence of leaf litter diversity on stream ecosystem function (e.g., Haapala et al., 2001; Swan & Palmer, 2004; Leroy & Marks, 2006 ), but few have addressed how changes in riparian vegetation composition and leaf litter inputs can influence leaf decomposition within streams (e.g., Richardson et al., 2004; Swan & Palmer, 2006) . There are no known studies to date that have addressed this issue within the Canadian Boreal Shield region. In addition, shredder life history patterns and seasonal leaf decomposition rates within Boreal Shield streams have not been described. Much of the research that has contributed to our knowledge of leaf litter processing rates and associated macroinvertebrate communities has come from streams in other regions (e.g., Petersen & Cummins, 1974; Gessner & Chauvet, 1994; Wallace et al., 1995; Graca et al., 2001) where environmental climatic conditions that influence leaf decomposition may differ in comparison to the Boreal Shield (e.g. temperature, precipitation, winter length, and severity etc.). Muto et al. (2009) found that commercial deciduous trees such as white birch (Betula papyrifera Marsh.) and trembling aspen (Populus tremuloides Michx.) were an important source of leaf litter to small streams in Boreal Shield mixedwood forests as they accounted for approximately 50% of the total deciduous leaf litter inputs. Speckled alder (Alnus incana ssp. rugosa (Du Roi) J. Clausen) was the largest contributor of leaf litter from non-commercial deciduous understorey sources. Therefore, harvesting activities within riparian areas that target specific commercial deciduous tree species could have adverse effects on leaf processing rates and associated macroinvertebrate communities by removing those trees from the riparian area and reducing their contribution to leaf litter inputs.
The purpose of this study was to determine the decomposition patterns of white birch, trembling aspen and speckled alder leaves and their importance for macroinvertebrate communities in streams of undisturbed (not previously logged) Boreal Shield watersheds.
Decomposition of leaf litter and the macroinvertebrate communities associated with this process are poorly understood in Boreal Shield streams, especially over the comparatively long winter period. The overall objectives of the study, therefore, were to (1) assess the over-winter decomposition rates of the three deciduous leaf species by macroinvertebrate and microbial activity and (2) compare the macroinvertebrate community colonization on leaf packs of each leaf species at each collection date. Leaf species were predicted to differ in their relative rates of decomposition and associated macroinvertebrate communities over time. In addition to an improved understanding of over-winter decomposition processes in Boreal Shield streams, this information is necessary to provide direction for riparian forest management strategies that could include logging of some commercial tree species in riparian areas by determining the extent to which leaf litter from commercial deciduous trees is important for sustaining or enhancing leaf litter breakdown rates and macroinvertebrate communities.
Methods

Study area
The study was conducted within the Boreal Shield ecozone of northeastern Ontario, Canada approximately 50-100 km northeast of Lake Superior in the White River Forest Management Area (Fig. 1) . The landscape is characterized by a rugged, rocky terrain distinctive of a Precambrian granite base, with an abundance of lakes and wetland areas. This area is (Gunn & Pitblado, 2004) , and streams are typically ice and snow covered from November to May. This area receives an average of 1000 mm of precipitation per year, and the mean annual air temperature is approximately 2°C. Three streams with accessible reaches of at least 100 m were selected in low order watersheds (stream order 1-3) within the White River Forest Management Area. The three streams were selected within catchments having similar mixedwood riparian forests containing all three deciduous species under study and were all approximately within a 10 km area. No logging was conducted in the catchments where the three streams were selected to ensure that logging effects would not confound leaf litter processing rates and associated macroinvertebrate communities. The nameless streams were designated as stream 1, stream 2, and stream 3 for the purposes of this study. Differences among the streams were expected, however, they were chosen to represent some variation across the Boreal Shield. The average percent canopy cover was 85.1 for stream 1, 61.1 for stream 2, and 6.3 for stream 3. Average stream bankfull width ranged from 3.8 (stream 3) to 8 m (stream 1), with stream 2 showing a moderate width of 5.6 m. The average water depth was lowest in stream 2 (20.7 cm) and highest in stream 1 (54.4 cm), whereas a water depth of 24 cm was recorded for stream 3. The dominant substrate for each of the three streams was a boulder/rubble mixture and the average channel gradient ranged from 0.86-1%. Environmental data collected from a previous study (Kreutzweiser et al., 2008) showed little variation in water chemistry during the fall recharge period. Dissolved organic carbon ranged from 9.9 to 12.1 ppm, pH was 6.2 to 6.8, conductivity was 18.6 to 30.7 lmho/ cm, alkalinity was 0.04 to 0.09 meq/l, Ca was 2.0 to 3.1 ppm, K was 0.17 to 0.26 ppm, NO 2 ? NO 3 was 0.019 to 0.034 ppm, and NH 4 was 0.004 to 0.006 ppm.
Nutrient analysis of leaf material
Leaf litter samples of speckled alder, white birch, and trembling aspen were collected from shoreline trees of stream reaches in fall 2006 (Muto et al., 2009) . Each leaf litter type was dried for 48 h at 60°C to determine dry weight. The leaf samples were pooled by species and ground into fine particles using a coffee grinder and placed into glass vials. A total of 15 sub-samples of birch and 10 sub-samples each of alder and aspen were obtained. Total C and N were determined by a dry combustion method using a vario El III, C/H/N/O/S elemental analyzer. The C/N ratio of each leaf species was calculated using these values. Total elements (P, K, Ca, Mg, Fe, Cu, Mn, Zn, Al, and Na) were measured by a Mars Xpress microwave digestion system.
Leaf decomposition
Coarse-mesh and fine-mesh leaf packs are commonly used as standard methods to determine leaf decomposition rates by macroinvertebrate and microbial activity, respectively (e.g. Lecerf et al., 2006) . In this study, coarse-mesh leaf packs were used to measure leaf pack decomposition by all decomposition processes and allowed for sampling of associated macroinvertebrates on the packs. Each coarse-mesh leaf pack consisted of approximately 10 g of alder or aspen or 4 g of birch. The birch leaf packs consisted of only 4 g of birch leaves to roughly standardize the number of leaves in each leaf pack among species because birch leaves weighed considerably less than alder or aspen. The leaves were collected just prior to abscission of the previous year (2006), air dried and stored at room temperature. The leaves were then preleached, dried at 30°C for 48 h and weighed to the appropriate leaf pack sizes according to species. Prior to leaf pack construction, the leaves were re-wet to increase the pliability of the leaf material and to reduce material loss from handling. Coarse-mesh leaf packs consisted of a nylon mesh bag (5 mm mesh) and a circular metal wire ring placed inside the bag to support the leaf pack and to increase the flow of water and access by macroinvertebrates.
Fine-mesh leaf packs (0.5 mm mesh) were used to measure microbial decomposition by restricting access by macroinvertebrates (Gessner et al., 1998) . Each fine-mesh leaf pack consisted of ten circular leaf disks (23 mm diameter) from a single leaf species that were cut from wet, pre-leached leaf material using a cork-borer. The ten leaf disks were used to roughly standardize the surface area available for microbial colonization and decomposition among the leaf species. The leaf disks were dried at 30°C for 48 h and the weight of ten leaf disks per fine-mesh leaf pack was recorded.
Fifteen coarse and 15 fine-mesh leaf packs of each leaf species were placed in each of the three streams except that aspen leaf packs were not placed in Stream 1 due to time constraints. At Streams 2 and 3, three groups, each consisting of three coarse-mesh and three fine-mesh leaf packs (one of each leaf species), were placed at each of five locations within the stream. Each location was at least 20 m apart. In Stream 1, each group of leaf packs consisted of only alder and birch leaf packs. Leaf packs were placed in the stream in late-September of 2007. Coarse-and fine-mesh leaf pack deployment sites were selected in areas where leaves would normally accumulate within the stream so that they were protected from high flow but areas of high sediment accumulation were avoided. A coarsemesh leaf pack and a fine-mesh leaf pack of the same leaf species were attached to a gravel ball (mesh net containing approximately 0.91-1.36 kg of crushed gravel (B2.54 cm)) which was placed on the bottom of the stream. Placement was done so that the coarsemesh leaf packs were facing downstream and raised slightly above the surface of the substrate to avoid sediment accumulation. One randomly selected group of leaf packs from each sampling location was retrieved in early November (45 days-fall collection), mid-May (230 days-early spring collection), and mid-June (270 days-late spring collection) yielding a total of 40 leaf packs collected at each time (5 9 2 leaf species from Stream 1 and 5 9 3 leaf species from Streams 2 and 3). The early spring collection was conducted 185 days after the fall collection because during the over-winter period the streams were ice and snow covered and inaccessible. The temperature of the water during the leaf pack deployment period was recorded at 1-h intervals using StowAway TidbiT water temperature loggers.
The coarse-mesh leaf packs were collected using a 0.5 mm mesh net placed under the leaf pack to retain any associated invertebrates as it was brought up thorough the water column. The coarse-mesh leaf packs and the contents of the net were placed in plastic containers and preserved with 5% formalin for transportation back to the laboratory. Fine-mesh leaf packs were also collected, placed in small glass jars, and preserved with 5% formalin for transportation to the lab. The leaf material from each coarse-mesh leaf pack was separated from all macroinvertebrates and fine sediment through elutriation in a tub where incoming air and water were mixed. The excess water spilled out of an opening in the tub which ran through a 2 mm and 250 lm sieve. Once large leaf particles were rinsed to remove attached sediments and insects, they were collected from the elutriation tub and placed in an aluminum tray. The remaining contents of the elutriation tub were run through the 2 mm and a 250 lm sieve and any smaller leaf particles that were retained by the 2 mm sieve were added to the tray of leaf material. The tray containing the remaining leaf material was dried at 60°C for 48 h and the dry weight (g) was recorded. Ash-free dry weight (AFDW) was not determined because the proportion of ash content within leaf material was very small (\5%) (Muto et al., 2009 ). The overall decomposition of the leaf material was assumed to be the difference between the initial dry mass (g) and the final dry mass (g) of the leaf pack.
Non-leaf material that was retained by the 250 lm sieve was placed into a sorting tray and scanned for invertebrates. Invertebrates were sorted and identified to the family-level according to Merritt & Cummins (1996) . Family-level identification is more practical in terms of time and resources than genus-or specieslevel identification and has been shown to be adequate in discerning environmental trends (Lenat & Resh, 2001; Waite et al., 2004; Chessman et al., 2007) .
Each leaf disk from the fine-mesh leaf packs were rinsed and gently rubbed with gloved hands to remove any microbial biofilm from the surface. No invertebrates were observed on the leaf disks during the rinsing process. The leaf disks were then placed in an aluminum dish and dried at 60°C for 48 h and the dry weights (g) were recorded. The difference between the initial dry mass (g) and final dry mass (g) of the 10 leaf disks in each fine-mesh leaf pack was assumed to be the result of microbial decomposition.
Data analysis
An exponential decay model (M t = M 0 9 e -kt ) was used to determine leaf processing coefficients (k/day) over the entire study period for each leaf species in coarse-mesh and fine-mesh leaf packs using nonlinear regression procedures (Barlocher, 2005) . The initial leaf mass at day zero was assumed to be 100%. Leaf decomposition measurements (% mass loss) for each leaf species were regressed against days to calculate the processing rate coefficients. Continuous data were log transformed and percent data were arcsine/square-root transformed for statistical analysis. Coarse-mesh and fine-mesh leaf pack decomposition was further examined using the % mass loss of the initial leaf pack mass. One-way analysis of variance (ANOVA) tests (P \ 0.05) were used to determine differences in nutrient concentrations among the three leaf species and to determine if there were significant differences in decomposition among the leaf species within coarse-mesh and finemesh leaf packs (all streams combined) by the fall (45 days), early spring (230 days), and late spring (270 days) collection dates.
Several community metrics were calculated to examine macroinvertebrate community composition on leaf packs among the fall, early spring and late spring collection dates, and among leaf species. These included total invertebrate abundance (number of invertebrates/leaf pack), Margalef's richness, shredder abundance (number of shredders/leaf pack), shredder richness (number of shredder families), and % shredders. The shredder functional feeding group designation was assigned following Merritt & Cummins (1996) . Each community metric (all streams combined) was analyzed with a two-way ANOVA using leaf species and collection dates (number of days in the stream) as factors. When no significant interaction was detected, the two-way ANOVAs were followed by one-way ANOVA tests to determine if there were differences among leaf species at each collection date separately.
The invertebrate communities associated with coarse-mesh leaf packs were also examined by a non-metric multidimensional scaling (NMDS) ordination (Clarke, 1993) to determine how macroinvertebrate communities compared among collection dates and leaf species. The NMDS ordination was conducted using the mean invertebrate abundance on each leaf species from the fall, early spring, and late spring collections. In order to reduce the influence of rare macroinvertebrate families, those families that contributed \1% to the overall mean abundance of macroinvertebrates were omitted from the ordination. A log(x ? 1) transformation on the mean abundance data for the remaining macroinvertebrates was done prior to the ordination (Clarke & Warwick, 2001 ).
An analysis of similarity (ANOSIM; Clarke & Warwick, 2001 ) was applied to the invertebrate abundance data to test if the community structure among collection dates was significantly different. When a significant difference was detected by the ANOSIM, a similarity percentages procedure (SIM-PER; Clarke & Warwick, 2001 ) was used to identify which invertebrate families were most responsible for the differences in the structure of invertebrate communities on leaf packs among collection dates. The families identified by the SIMPER procedure that explained [75% of the difference between collection dates were examined further. The mean abundances of each of those discriminating taxa were compared using ANOVA to determine if significant differences could be detected among collection dates. In addition, the ANOSIM procedure was used to determine if there were differences in the structure of invertebrate communities among leaf species at each collection date as suggested by the NMDS ordination plot.
In all ANOVA tests, where significant differences were detected (P \ 0.05), Tukey's post-hoc tests were used to determine which groups were significantly different (P \ 0.05). When normality and equal variance tests failed (P \ 0.05) in the ANOVAs, KruskalWallace one-way analysis of variance on ranks (KW) was used and when significant differences were detected within KW, Dunn's multiple comparison tests were used to determine which groups were significantly different (P \ 0.05). All ANOVA, rank tests, and regression procedures were run using Sigmastat for Windows, Version 3.5 (2006, Systat software, Inc.). The NMDS ordination, ANOSIM, and SIMPER procedures were run using PRIMER v5 statistical software (Plymouth Marine Laboratory, UK).
Results
Stream temperature
The temperature of all three streams during the fall (September-November) ranged between -0.02 and 16.1°C (mean = 5.7°C ± 0.06), whereas the overwinter (December-March) stream temperature ranged between -2 and 0.61°C (mean = -0.42°C ± 0.01). During spring (April and May), stream temperature increased, ranging from -1.5 to 17.5°C (mean = 4.0°C ± 0.07) and increased an average of 10.2°C by mid-June (Fig. 2) .
Nutrient analysis
The C/N ratio varied among leaf species as the C/N ratio of alder leaves (20.2) was significantly lower than that of birch and aspen (45.2 and 50, respectively) (P \ 0.001) ( Table 1) . No significant differences in carbon content (% C) were detected (P = 0.145), as C values were relatively consistent across all leaf litter types ranging between 51 and 53%. Nitrogen (% N) differed significantly across all three leaf types (P \ 0.001). As expected, alder leaves were richer in N than the other leaf species with 2.6%, whereas birch and aspen were similar in N content (1.16 and 1.04%, respectively).
Leaf decomposition
The exponential decay model provided a good fit for the decomposition of each deciduous leaf species in coarse-mesh leaf packs as the r 2 values of the non-linear regressions were high (r 2 [ 0.8) and all were significant (P \ 0.001) ( Table 2 ). The processing coefficients (k/day) were 0.0065/day for alder, 0.0053/day for birch, and 0.0035/day for aspen. Processing coefficients for fine-mesh leaf packs were lower than coarse-mesh leaf packs with alder finemesh leaf packs having the slowest processing rate (k = 0.0012/day) compared to birch (k = 0.0021/ day) and aspen (k = 0.0019/day). Within the first 45 days (fall) of the study, alder lost 24%, birch lost 26%, and aspen lost 21% of the initial coarse-mesh leaf pack mass by all decomposition processes (leaching, conditioning, and fragmentation), however, no differences between species were detected (One-way ANOVA, P = 0.113) (Fig. 3) . By day 230 (early spring), leaf species differed in their mass loss (One-way ANOVA, P = 0.004). Aspen lost only 52% of the initial coarse-mesh leaf pack mass which was significantly less than alder (77%, P = 0.003) and birch (69%, P = 0.049) leaf packs. This pattern was also found in late spring, where alder leaf packs showed the highest mass loss with 84%, followed by birch with 76% and aspen with 64% of the initial coarse-mesh leaf pack mass. Leaf pack mass loss differed significantly (One-way ANOVA, P = 0.004), where aspen lost significantly less mass (%) than alder (P = 0.003).
In fine-mesh leaf packs, significant differences in percent mass loss were detected at day 45 (One-way ANOVA, P \ 0.001) with birch showing the highest mass loss with 24%, followed by aspen with 16% and alder with 11%. Mass loss among all three leaf species differed significantly (P \ 0.001) (Fig. 4) . By early spring (day 230), mass loss was lowest in alder leaf packs with 20% followed by aspen leaf packs with 35% and birch leaf packs with 42% of initial leaf pack mass (One-way ANOVA, P \ 0.001). The mass loss of alder leaf packs was significantly lower than birch and aspen leaf packs (P \ 0.001 for both). This pattern was also found in late spring (day 270), where alder leaf mass loss (35%) was significantly lower (P = 0.024) than the mass loss of birch (45%). Aspen leaf mass loss (43%) was only slightly lower than the mass loss of birch leaf packs.
Macroinvertebrate communities
No significant leaf species 9 collection date interactions were detected among any of the invertebrate community metrics. However, for each invertebrate community metric, significant differences were detected among leaf species and collection dates (Fig. 5) . Total invertebrate abundance (Two-way ANOVA, P \ 0.001) on leaf packs collected in the fall (45 days) (mean = 249 ± 17.9) and early spring (230 days) (mean = 218 ± 22.1) were significantly higher than on the leaf packs collected in late spring (270 days) (mean = 130 ± 17.8). Shredders (%) (Two-way ANOVA, P \ 0.001) on leaf packs collected in the fall (45 days) (mean = 64 ± 3.1) and early spring (230 days) (mean = 60 ± 4.8) were also significantly higher in comparison to the late spring (270 days) (mean = 25 ± 3.1) leaf packs. Margalef's Fig. 3 Mean (±SE) percent mass remaining in dry weight of alder, birch and aspen coarse-mesh leaf packs in the fall (day 45), early spring (day 230) and late spring (day 270). Different letters indicate significant differences among leaf species at each collection date (Tukey's post-hoc, P \ 0.05) Fig. 4 Mean (±SE) percent mass remaining in dry weight of alder, birch and aspen fine-mesh leaf packs in the fall (day 45), early spring (day 230), and late spring (day 270). Different letters indicate significant differences among leaf species at each collection date (Tukey's post-hoc, P \ 0.05) richness (Two-way ANOVA, P \ 0.001), shredder abundance (Two-way ANOVA, P \ 0.001), and shredder richness (Two-way ANOVA, P \ 0.001) were all significantly greater in the fall with averages of 3.9 ± 0.13, 80.3 ± 12.3, and 4.4 ± 0.18, respectively. Among collection dates, higher abundances of total invertebrates and shredders were supported by alder (mean = 240 ± 23.3 and mean = 48 ± 12.2, respectively) and aspen leaf packs (mean = 245 ± 22.7 and mean = 50 ± 9.5, respectively) than by birch leaf packs (mean = 133 ± 10.4 and mean = 21 ± 4.6, respectively) (Two-way ANOVA, P \ 0.001).
Only two of the five macroinvertebrate community metrics were significantly different among leaf species in the fall (One-way ANOVA, P \ 0.05). Significant differences were detected in total invertebrate abundance (One-way ANOVA, P = 0.003) and shredder abundance (KW, 0.020). Total invertebrate abundance was significantly higher in alder leaf packs (mean = 311 ± 34.1) than birch leaf packs (mean = 178 ± 15.9) (Tukey's post-hoc, P = 0.002), but aspen leaf packs (mean = 263 ± 28.2) were not different from alder (Tukey's post-hoc, P = 0.463) or birch leaf packs (Tukey's post-hoc, P = 0.112). In early spring, shredder abundance was the only community metric where significant differences were detected among leaf species (KW, P = 0.005). Shredder abundance was significantly higher in aspen leaf packs (mean = 33 ± 5.6) than alder (mean = 17 ± 3.9) or birch leaf packs (mean = 16 ± 6.5) (One-way ANOVA, P \ 0.05). In late spring, significant differences in leaf species were only detected for total invertebrate abundance (One-way ANOVA, P = 0.009). Aspen leaf packs had significantly higher total invertebrate abundance (mean = 192 ± 37.7) than birch (mean = 77 ± 11) (p = 0.007) but not alder (mean = 141 ± 36.7) (P = 0.301), and alder leaf packs were not different from birch leaf packs (P = 0.198) (Fig. 5) . Although not significant, aspen leaf packs also tended to support higher shredder abundance and % shredders than alder and birch leaf packs. The NMDS ordination showed that the macroinvertebrate communities associated with the leaf packs were distinctly separate among fall, early spring, and late spring (ANOSIM, P \ 0.001) (Fig. 6) . Conversely, the ANOSIM did not detect significant differences in invertebrate communities among leaf species in the fall (P = 0.3), early spring (P = 0.08), or late spring (P = 0.53). The NMDS indicated that community structure on the leaf packs was also distinct among streams. However, differences in macroinvertebrate community structure among streams were expected, and, therefore, further analysis to test those differences was not conducted since our focus was on differences in breakdown among leaf species over time, averaged across the three streams.
Seven of the nine invertebrate families that were identified by the SIMPER procedure as explaining [75% of the dissimilarity in community structure among seasons had abundances that were significantly different among all collection dates (One-way ANOVA, P \ 0.05). Four of those seven families were shredders (Lepidostomatidae, Nemouridae, Capniidae, and Leuctridae). Lepidostomatidae (KW, P \ 0.001), Nemouridae (KW, P \ 0.001), and Capniidae (KW, P \ 0.001) all had significantly higher abundances in the fall (Table 3) . Leuctridae, however, had a significantly higher abundance in early spring compared to fall (Tukey's post-hoc, P = 0.029). Leptophlebiidae (KW, P \ 0.001) and Baetidae (KW, P = \ 0.001), both of which are collector-gatherers, had significantly higher abundances in the fall than in early spring. Chironomidae had significantly higher abundances in fall (Tukey's post-hoc, P \ 0.001) and early spring (Tukey's posthoc, P \ 0.001) compared to late spring. No significant differences were detected in the abundances of Simuliidae (KW, P = 0.22) or Ephemerellidae (KW, P = 0.3) among all collection dates, although both tended to have higher abundances in late spring (Table 3) .
Discussion
Decomposition of leaf litter
The decomposition of leaf litter in these Boreal Shield streams followed a processing continuum among leaf species. In coarse-mesh leaf packs, alder and birch leaves decomposed at a medium rate and aspen decomposed at a slow rate based on Petersen & Cummins (1974) categorizations for in-stream leaf processing rates. No previous studies were found that compared decomposition rates of these three leaf species together, but some of the breakdown coefficients were similar to those reported for these species in other forest regions despite the relatively high latitude, unique geomorphology, and comparatively long and harsh winter conditions. Our processing coefficient for aspen leaf packs is similar to that presented by Petersen & Cummins (1974) (k = 0.0038/day). Birch leaf packs were slower than reported by Stout (1989) for this species (k = 0.008/ day) and alder leaf packs were similar to that reported by Irons et al. (1994) for this species in a Michigan stream (k = 0.0062/day). Our alder leaf packs decomposed faster than birch and aspen leaf packs. Other studies examining differences in decomposition rates among leaf species have shown that alder typically decomposes faster and is preferred over most other leaves by macroinvertebrates, which was attributed to the higher nitrogen concentration of the alder leaf material (Iversen, 1974; Irons et al., 1988; Haapala et al., 2001; Richardson et al., 2004) . Fig. 6 Non-metric multidimensional scaling ordination plot for macroinvertebrate communities on leaf packs among leaf species and streams in the fall (day 45), early spring (day 230), and late spring (day 270). The numbers 1, 2, and 3 refer to Stream 1, Stream 2, and Stream 3, respectively. The letters refer to the leaf pack species; A Alder, B Birch, and P Aspen In contrast, microbial decomposition of birch finemesh leaf packs was highest. Haapala et al. (2001) found that birch leaf packs supported higher fungal biomass than alder and willow in the Boreal forests of Finland. This may reflect a fungal preference toward specific leaf species and may be attributed to the initial leaf quality (e.g., nutrients, tannins, and lignins etc.) (Gessner & Chauvet, 1994; Laitung & Chauvet, 2005) . The higher microbial decomposition of birch leaves in these Boreal Shield streams may indicate higher fungal biomass and possibly richness associated with birch leaves. Studies have shown that different leaf species support differing concentrations of fungal biomass (e.g., Gessner & Chauvet, 1994; Nikolcheva et al., 2003) . Lecerf et al. (2005) found that the species richness of aquatic fungi was positively associated with riparian plant species richness and that fungal species richness may regulate shredder consumption of leaf material. This has not been tested in Boreal Shield forests. However, if a strong preference exists for aquatic fungi to colonize specific leaf material and potentially regulate shredder consumption of that leaf material within Boreal Shield streams, then this may have implications for maintaining riparian tree species richness to support microbial biodiversity in these Boreal Shield streams.
The results showed that leaf breakdown by macroinvertebrates and microorganisms occurred during the winter in Boreal Shield streams, despite the long period of ice and snow cover. Coarse-mesh leaf packs lost 42% and fine-mesh leaf packs lost 15% of the remaining fall leaf pack mass throughout the winter (November-May, 185 days) on average. Irons et al. (1994) showed that rapid leaf breakdown can occur within streams near freezing temperatures, which they attributed mostly to shredder activity as microbial activity may be reduced at colder temperatures. The results of this study support this, since only 15% of the leaf mass was lost by microbial decomposition over the 185-day winter period, when stream temperatures fluctuated near 0°C, in comparison to 17% that was lost by microbial decomposition within the first 45 days of the study when temperatures were higher. However, in addition to reduced over-winter temperatures, reduced nutrient content of the remaining leaf material may have also influenced the rate of microbial decomposition. The decomposition of coarse-mesh leaf packs, in contrast, did not decline as sharply, as 42% of the coarse-mesh leaf pack material was lost over winter in comparison to 24% within the first 45 days. This indicates that macroinvertebrate feeding activity is not as susceptible to reduced temperatures as microbial community activity and may play a larger role in leaf decomposition as suggested by Irons et al. (1994) . Only 9% of the leaf material was lost during the last 40 days of the study. This suggests that despite increasing temperatures by late spring, leaf decomposition rates did not accelerate possibly because the remaining leaf material was not nutritious enough to support increased decomposition by microbes or macroinvertebrates. Our nutrient analysis of leaf material was conducted on fall-collected leaves only.
Effects of leaf litter quality on decomposition rates
Nutrients within leaves are key elements that affect leaf litter breakdown rates (e.g., Kaushik & Hynes, 1971; Richardson et al., 2004) . Leaves with higher nitrogen content specifically, have been shown to break down faster than those with lower nitrogen content because decomposers typically have higher requirements for this nutrient (Webster & Benfield, 1986; Enriquez et al., 1993) . Alder, in particular, has been identified as a rapid decomposing leaf species in comparison to others because it is an actinorhizal nitrogen fixing plant and generally contains more nitrogen than some other leaf species (Webster & Benfield, 1986) . The results of this study showed that the nitrogen content (%) within alder leaves from our Boreal Shield sites was more than double that of birch and aspen. Based on this nutrient analysis, alder leaves were expected to decompose faster than birch and aspen. The coarse-mesh leaf pack decomposition results support this prediction. However, microbial decomposition of alder leaves was slower than the other leaf species indicating that higher N or other chemical properties in alder inhibited decomposition by microorganisms. Irons et al. (1988) found that leaf pack consumption by macroinvertebrates was positively related to nitrogen but was negatively associated with condensed tannin concentration. Condensed tannins (proanthocyanidins) within leaves are known to be strong predictors of leaf breakdown rates (e.g., Stout, 1989; Ostrofsky, 1997) and are thought to be a feeding deterrent for invertebrates (Graca et al., 2001) . Condensed tannins were not measured in this study, but the results for leaf pack decomposition rates correspond to the tannin concentrations reported in other studies. For example, Irons et al. (1988) , Ostrofsky (1997) , and Haapala et al. (2001) , using the same or closely related leaf species, all reported slightly higher tannin concentrations or leaf toughness in alder than in birch. This may explain the similarity in decomposition rates that we observed between alder and birch coarse-mesh leaf packs, despite higher nitrogen content in alder. Higher tannin concentrations in alder may also inhibit microbial decomposition in comparison to birch which may explain why birch had significantly higher breakdown rates in fine-mesh leaf packs. In addition, both Irons et al. (1988) and Ostrofsky (1997) reported that aspen had a higher percentage of lignin and toughness (g) compared to alder and birch and our results support this by showing that aspen had the slowest decomposition rates among the three leaf species.
Macroinvertebrate communities on leaf packs through time
The macroinvertebrate community structure on coarse-mesh leaf packs was significantly different between fall, early spring, and late spring indicating that macroinvertebrate colonization on the leaf packs changed over time. As expected, shredder abundance and richness was highest in the fall given that some shredder life history patterns are queued to take advantage of available food resources as they prepare for winter (e.g., Cummins et al., 1989; Richardson, 1991; Haapala et al., 2001) . Lepidostomatidae was the most abundant shredder on the fall leaf packs and was also the most discriminating family identified in our multivariate analysis. Lepidostomatidae is known to have varying life history patterns among species as some take advantage of pulsed deciduous leaf litter inputs in the fall and some species go through a major growth phase in spring and summer (e.g., Anderson & Sedell, 1979; Grafius & Anderson, 1979) . The results of this study indicate that Lepidostomatidae is a dominant and likely important fall shredder in Boreal Shield streams with a life history pattern that closely coincides with an abundance of high-quality leaf material in the fall. The results also suggest that both Nemouridae and Capniidae may follow a similar life history pattern as Lepidostomatidae. In addition, Leptophlebiidae and Baetidae, which are collectorgatherers were significantly higher on leaf packs in the fall than in early spring which may be related to the abundance of shredding invertebrates as they are thought to take advantage of the fine particulate organic matter (FPOM) created by shredder feeding activity (Anderson & Sedell, 1979) . However, the mean abundance of Leptophlebiidae and Baetidae also increased by late spring which may indicate that they are responding to other environmental conditions (e.g. temperature and light etc.) or nutrient sources (e.g. primary production) during this time.
In contrast, the shredder Leuctridae had significantly higher abundances on leaf packs in early spring than in the fall. This trend may be indicative of a spring/summer shredder life cycle. Haapala et al. (2001) suggested that spring and summer shredders may face a resource bottleneck in spring when leaf litter inputs are low, but that slower decomposing leaf species may alleviate the potential food shortage even though the nutritional quality of the leaf material at that time is reduced. In this study, aspen leaves provided the main residual leaf material in streams by spring. Ward & Cummins (1979) suggested that the standing stock of residual detritus and associated microbial communities in the spring, although limited in nutritional quality, may provide an abundant food source for collector-gatherers as well. Although not significant, slightly higher abundances of Simuliidae and Ephemerellidae (which are mainly collectorgatherers) were observed on leaf packs in late spring.
The observed shift in invertebrate community composition on leaf packs between collection dates in this study may suggest that the remaining leaf material in the spring is important for sustaining macroinvertebrate communities in spring/summer as well as in the fall, thereby contributing to the overall invertebrate biodiversity within these streams.
Macroinvertebrate communities among leaf species
In the fall, alder and aspen leaf packs supported significantly higher abundances of total invertebrates and shredders than birch leaf packs. This could be a result of the smaller birch leaf pack sizes (4 g) in comparison to alder (10 g) or aspen (10 g) as invertebrate abundances may be related to the initial leaf pack size in terms of mass rather than the surface area of the leaf material or the number of leaves within the pack. Benfield et al. (1979) found that leaf pack size (mass) influenced leaf breakdown rates and suggested that this may be a result of differing microenvironments between internal and external leaves. For example, the internal leaves within larger leaf packs may lack oxygen and be less accessible which may have an influence on macroinvertebrate and microbial colonization (Benfield et al., 1979) .
Aspen leaf packs supported higher shredder abundances in early spring and although not significant, there was also a tendency for aspen leaf packs to support higher shredder abundances in late spring as well. This is likely due to the fact that aspen leaf packs lost significantly less leaf material over winter in comparison to the other two species and provides further evidence that slower decomposing leaf species may be important for a sustained food source and to support invertebrate communities over periods of reduced leaf litter inputs.
Some studies have indicated that specific leaf species may support different macroinvertebrate or microbial (fungal) assemblages as they preferentially feed on the leaf material with higher nutritional quality (e.g., Kaushik & Hynes, 1971; Petersen & Cummins, 1974; Richardson et al., 2004; Leroy & Marks, 2006) . In our study, a difference in invertebrate assemblages among leaf species could not be detected at any sampling time. However, macroinvertebrates were examined at the family-level only and genus-or species-level identification may have detected differences in invertebrate assemblages between leaf species as has been reported by others (e.g., Leroy & Marks, 2006) .
Management implications
Although we did not find evidence to support the prediction that different leaf species support different macroinvertebrate assemblages within Boreal Shield streams, differences in total invertebrate abundance and shredders were detected among leaf species at each collection date. In addition, differences in nutrient concentrations and differences in leaf decomposition by both macroinvertebrates and microorganisms among leaf species were detected. The results also show that a processing continuum among leaf species exists and that aspen leaf packs support higher shredder abundances in the spring than residual alder and birch leaf packs. This evidence indicates that a diversity of leaf litter entering Boreal Shield streams is important in sustaining shredder populations throughout the long, harsh over-winter period and may offset potential resource limitations in spring when leaf litter inputs are low. Differential leaf decomposition rates among leaf species may also play an important role in sustaining overall invertebrate biodiversity. The results showed that invertebrate assemblages on deciduous leaves changed over time and/or between seasons. Therefore, maintaining diversity among riparian tree species as opposed to simply retaining a single deciduous species may be an important consideration for riparian management operations. For example, the results suggest that aspen leaves may be important for supporting a higher abundance of shredding macroinvertebrates for longer periods in the spring and summer when resources are potentially limited. Since aspen is often a valuable commercial tree species, riparian management strategies should ensure that sufficient aspen trees are maintained or regenerated within riparian areas as a source of leaf litter inputs to streams and shorelines.
